Calcium activates full-length myosin Va steady-state enzymatic activity and favors the transition from a compact, folded "off" state to an extended "on" state. However, little is known of how a head-tail interaction alters the individual actin and nucleotide binding rate and equilibrium constants of the ATPase cycle. We measured the effect of calcium on nucleotide and actin filament binding to full-length myosin Va purified from chick brains. Both heads of nucleotide-free myosin Va bind actin strongly, independent of calcium. In the absence of calcium, bound ADP weakens the affinity of one head for actin filaments at equilibrium and upon initial encounter. The addition of calcium allows both heads of myosin Va⅐ADP to bind actin strongly. Calcium accelerates ADP binding to actomyosin independent of the tail but minimally affects ATP binding. Although 18 O exchange and product release measurements favor a mechanism in which actin-activated P i release from myosin Va is very rapid, independent of calcium and the tail domain, both heads do not bind actin strongly during steady-state cycling, as assayed by pyrene actin fluorescence. In the absence of calcium, inclusion of ADP favors formation of a long lived myosin Va⅐ADP state that releases ADP slowly, even after mixing with actin. Our results suggest that calcium activates myosin Va by allowing both heads to interact with actin and exchange bound nucleotide and indicate that regulation of actin binding by the tail is a nucleotide-dependent process favored by linked conformational changes of the motor domain.
Class V myosins participate in a diverse array of cellular functions ranging from organelle transport, mRNA localization and transport, and apoptotic signaling pathways (1, 2) . Vertebrate myosin Va, one of three myosins V expressed in vertebrates, is the best characterized of the Class V myosins. Individual double-headed vertebrate myosin Va molecules are processive and take multiple steps along an actin filament before dissociating (3), although not all Class V myosins exhibit processive movement (4) . Calcium enhances the steady-state actin-activated ATPase activity but diminishes the in vitro motility of fulllength myosin Va (5) . This regulation is partially due to calcium binding the calmodulin light chains (6 -9) . A recombinant myosin Va dimer missing the tail is fully activated in the absence of calcium, whereas full-length myosin is not, indicating that additional levels of calcium-dependent regulation are mediated by the C-terminal cargo-binding "tail" domain. Cameron et al. (6) described a calcium-dependent change in intrinsic fluorescence of full-length myosin Va, interpreted to reflect a conformational change in the heavy chain. This prediction has since been confirmed by electron microscopy and analytical ultracentrifugation studies that identified a large conformational change of full-length myosin Va from a compact conformation in the absence of calcium to an extended conformation in the presence of calcium (7) (8) (9) . The compact conformation, believed to represent an enzymatic "off" state, appears to arise from an interaction of the tail with the N-terminal head or light chain-binding "neck" (10, 11) . Despite increasing evidence that the tail domain regulates myosin Va motor function, it remains unclear which ATPase cycle transitions are affected in the compact conformation and how calcium activates motor function.
Kinetic parameters of key ATPase cycle events have been measured for individual full-length, tissue-purified myosin Va using single-molecule methods (3, 12, 13) . However, these experiments immobilized myosin Va to a surface or a bead by adsorption through the tail and therefore could not explicitly account for tail regulation. Consequently, little is known about how the tail domain regulates the kinetics of myosin Va.
In this study, we have measured actin and nucleotide binding to tissue-purified chick brain myosin Va and have tested the effect of calcium on these parameters. Our results favor a mechanism in which the tail domain of myosin Va interacts with and weakens actin binding to one of the two heads in the absence of calcium and indicate that this interaction is favored by bound ADP. The data suggest that a long lived myosin⅐ADP state in the absence of actin contributes to the low ATPase activity in the folded "off" state.
MATERIALS AND METHODS
Reagents-All chemicals and reagents were the highest purity commercially available. ATP was purchased from Roche Applied Science, and ADP was purchased from Sigma. Mant 3 -labeled nucleotides were prepared as described (14) . Nucleotide concentrations were determined by absorbance (15) . A molar equivalent of MgCl 2 was added to nucleotides immediately before use.
Protein Expression and Purification-Full-length chick brain myosin Va with bound essential light chains and calmodulin was purified from brains of newly hatched chicks (16) . Recombinant double-headed chicken myosin Va missing the C-terminal globular tail (tailless myosin V-HMM) was truncated to include 20 native heptad repeats of predicted coiled-coil, followed by a GCN4 leucine zipper to ensure dimerization and a FLAG tag (17) . Tailless myosin V-HMM with bound essential light chain and calmodulin was purified from Sf9 cells by FLAG affinity chromatography. Purity was Ͼ98% for all preparations.
Actin was purified from rabbit skeletal muscle, labeled with pyrene, and gel-filtered over Sephacryl S-300HR (18 
where F(r) represents the fluorescence intensity (F) as a function of the [myosin heads]/[actin] ratio (r), F o is the fluorescence in the absence of myosin, F ∞ is the fluorescence intensity at infinitely high r (i.e. saturating [myosin heads]/[actin]), K d is the apparent dissociation equilibrium constant of actomyosin, A tot is the total actin concentration, and n is the stoichiometry of myosin Va head binding to actin subunits in a filament (15) . The stoichiometry (n), initial (F o ) and final (F ∞ ) fluorescence were allowed to float when fitting. Values of K d were constrained to the values calculated from the ratio of the experimentally determined association and dissociation rate constants, except where indicated.
Kinetic Measurements and Analysis-All kinetic experiments were performed at 25 Ϯ 0.1°C in KMg50 buffer with an Applied Photophysics (Surrey, UK) SX.18MV-R stopped flow apparatus. Concentrations stated are final after mixing. Pyrene ( ex ϭ 365 nm) and mant nucleotide fluorescence ( ex ϭ 297 nm) were monitored at 90°from the incident light source through a 400-nm long pass glass filter. Long time courses were corrected for contributions from photobleaching. Most time courses shown are of individual, unaveraged, 1000-point transients collected with the instrument in "oversampling" mode, where the intrinsic time constant for data acquisition is ϳ30 s. Typically, multiple (two or three) time courses were averaged before analysis.
Time courses of fluorescence change were fitted to a sum of exponentials using software provided with the instrument. Fitting was limited to data beyond 3 ms to account for the instrument dead time and to exclude data acquired during the continuous flow phase of mixing. Uncertainties are reported as S.E. of the best fits. 
where KЈ 1T and KЈ 1D are the equilibrium constants for actomyosin⅐ATP and actomyosin⅐ADP collision complex formation, respectively, kЈ ϩ2T is the isomerization rate constant defining the strong (low pyrene fluorescence) to weak (high pyrene fluorescence) actin binding transition, and kЈ ϩ2D is the isomerization rate constant defining the weak to strong ADP binding transition, as defined by the following two-step nucleotide (N) binding mechanism.
Measurement of Oxygen Isotopic Exchange during ATP Hydrolysis-Hydrolysis of ATP was performed in KMg50 buffer containing 50 -55% [ 18 O]water supplemented with 2 mM MgATP, 2-4 mM phosphoenolpyruvate (PEP), and 100 units/ml pyruvate kinase to regenerate ATP and prevent accu-mulation of ADP (20) . The reactions were quenched with acid, and the P i was isolated and analyzed for 18 O content (21) .
RESULTS

Equilibrium Titration of Pyrene Actin and Myosin
VaMyosin Va binding quenches the fluorescence of pyrene actin filaments in the presence and absence of calcium (22) , allowing for "strong" actin binding, using the definition of Geeves (23) , to be monitored from changes in fluorescence. At equilibrium, both heads of tissue-purified myosin Va (no bound nucleotide) bind actin strongly (Fig. 1A) with K d values of Յ1 nM. With bound ADP (Ն1 mM MgADP), both heads bind actin strongly as indicated by the levels of pyrene fluorescence quenching (Fig. 1B) . However, the titrations are best described by two approximately equal phases with different apparent actin affinities: one that binds strongly (K d app Ͻ 1 nM) and a second that binds more weakly (K d app Ͼ 100 nM). The two apparent affinities observed in the equilibrium binding isotherms could arise if one head of myosin Va bound actin strongly (K d Ͻ 1 nM; quenched pyrene) and the other weakly (K d Ͼ Ͼ 1 nM; did not quench pyrene), and the weakly bound or detached head competed with strong binding of free, incoming myosin Va molecules. The inflection point extrapolated from the initial slope is ϳ2 (i.e. behaves as a 1:1 myosin Va-actin subunit complex until half-saturation is reached; Fig. 1B) , as expected for such a binding mechanism. If each myosin Va head bound to adjacent sites on a filament, it is expected that the number of available adjacent subunits would decrease as the myosin binding density increased (i.e. a manifestation of the "parking problem") (24) . This behavior would also yield a titration profile that deviates significantly from a hyperbola (Fig. 1B) . However, kinetic data obtained with actin in excess over myosin (presented below), which eliminates the parking problem, is consistent with the interpretation that one head of myosin Va⅐ADP is weakly bound to or detached from actin in the absence of calcium. A mechanism in which a mixed population of myosin Va molecules (i.e. one that binds with K d Ͻ 1 nM and another that binds both heads with K d Ͼ 100 nM) can be eliminated, since this would not yield a biphasic titration. We therefore favor a mechanism in which the two heads of myosin Va⅐ADP bind actin with different affinities in the absence of calcium; one is strongly bound (quenched pyrene), and the other is weakly bound or detached (unquenched pyrene).
The ADP-dependent head asymmetry occurs only in the absence of calcium. When calcium is present, both heads of myosin Va bind actin strongly in rigor and in the presence of ADP ( Fig. 1A ; 1/K A app Յ 1 nM in rigor and 1/K AD app Ͻ 1 nM with ADP).
Both heads of recombinant myosin V-HMM missing the C-terminal cargo-binding tail bind actin strongly (Fig. 1, A (Fig. 2 , C and D), as described for singleheaded myosin V-S1 (14) and tailless recombinant myosin V-HMM (25) . The slow phases comprised ϳ50% of the total amplitudes in the absence of calcium and were smaller in the presence of calcium (Fig. 2, A and B) . In this report, we focus our kinetic analysis only on the fast phases, because the data cannot distinguish between a sequential reaction mechanism (14) or a mixed population of myosin (heads or conformational states). The [Ca 2ϩ ] dependence of the relative amplitudes favors a reversible calcium-dependent equilibrium as reported for scallop myosin HMM (24, 26). Table 1 . Inset, equilibrium titration of myosin V-HMM with pyrene actin in the absence of calcium. B, [myosin V⅐ADP] dependence of the pyrene actin fluorescence intensity. The solid line for myosin Va⅐ADP (in the absence of calcium) represents the fit for two populations that bind actin with different affinities. The dotted line represents the extrapolation of the initial slope of the best fit. Inset, equilibrium titration of myosin V-HMM⅐ADP with pyrene actin in the absence of calcium. The fluorescence intensities were normalized relative to the maximum fluorescence quenching of myosin V-HMM in the absence of nucleotide. Conditions were as follows: 60 or 100 nM pyrene actin, 3 M excess calmodulin, 0.5 units/ml apyrase (rigor) or 1 mM MgADP (ADP), and varying concentrations of myosin Va or myosin V-HMM to achieve the appropriate myosin heads/actin ratios.
The apparent association rate constants for actin filament binding were obtained from the slopes of the lines generated by plotting the observed pseudo-first order rate constant (k obs ) versus [actin] (Fig. 2, C and D in the absence of calcium (25), suggesting that the tail domain slows actin binding only when ADP is bound. The total pyrene quenching amplitudes of myosin Va with bound ADP in the absence of calcium averaged 53 Ϯ 9% of the amplitudes in the presence of calcium over the [actin] range examined (0.1-0.8 M). We interpret this to mean that when calcium is absent, one head binds actin strongly and rapidly upon encounter, but the other remains weakly bound or detached and does not quench fluorescence. In rigor, the total quenching amplitudes in the presence and absence of calcium (25) . f n ϭ stoichiometry of myosin heads per actin subunit. g Determined from extrapolated fit (Fig. 1B) .
differ by ϳ10%, consistent with calcium-regulated actin binding requiring ADP, presumably bound to the myosin motor domain. The equilibrium titrations ( Time courses of actomyosin Va dissociation follow single exponentials in the presence and absence of calcium (Table 1 and Scheme 2) (data not shown). Actomyosin Va⅐ADP dissociation follows double exponentials in the absence of calcium and is well described by a single relaxation in the presence of calcium (Table 1 and Scheme 2) (data not shown). Rapid dissociation is not observed in the presence of calcium, suggesting that calcium shifts the population to a slowly dissociating species and that the actin filament binding affinity is tighter in the presence of calcium, as inferred from previous studies (22) .
MantATP and MantADP Binding to Myosin Va-Mant-nucleotide binding to myosin Va in the absence of actin was measured from the fluorescence enhancement that occurs with binding (27) . Time courses of mantATP binding (Fig.  3A) are well fitted by single exponentials with observed rate constants that depend linearly on [mantATP] (Fig. 3B) . Calcium does not affect the mantATP association rate constant (ϳ1 M Ϫ1 s Ϫ1 in the presence and absence of calcium) ( Table  1 and Scheme 2). However, the amplitudes of the fluorescence enhancement are ϳ30 Ϯ 6% lower in the absence of calcium over the range examined (Fig. 3A) (data not shown). We can exclude the possibility that bound, contaminating nucleotide (i.e. ADP) lowers the concentrations of heads capable of binding mantATP, thus lowering the amplitude, because this would yield a biphasic time course (i.e. rapid binding to vacant sites and slow binding to occupied sites upon dissociation of bound nucleotides), which was not observed (Fig. 3A) . In addition, treatment of myosin with apyrase had no effect (data not shown). However, if bound nucleotide were trapped and did not readily dissociate, time courses of mantATP and mantADP binding would follow single exponentials with lower amplitudes as observed. The fact that the amplitudes of mantADP fluorescence change are similar in the absence and presence of calcium (Fig. 3D) is consistent with the interpretation that trapped, slowly exchanging or nonexchanging nucleotide does not account for the observed amplitude difference.
The amplitudes of mantATP binding to tailless myosin V-HMM are identical in the presence and absence of calcium (Fig. 3C) , suggesting that the calcium-dependent amplitudes observed with full-length myosin Va arise from calcium-dependent, tail-specific interactions with the motor domain(s). MgATP Binding to Actomyosin Va-ATP binding to actomyosin Va was monitored from changes in pyrene actin fluorescence enhancement that arise with population of the weak binding actomyosin⅐ATP states. To ensure that all reactions end with complete dissociation of actomyosin from pyrene actin, excess unlabeled F-actin was included in the ATP syringe. Time courses of pyrene fluorescence enhancement (Fig. 4A) after mixing pyrene actomyosin Va with ATP (in the absence or presence of free calcium) follow double exponentials with fast observed rate constants (k fast ) that depend hyperbolically on ATP concentration (Fig. 4B) , consistent with a two-step mechanism for ATP binding to actomyosin Va (Scheme 1). There was also a slow phase that displays little [ATP] dependence in the absence and presence of calcium with rates (k slow ) varying between ϳ1 and 2 s Ϫ1 , ϳ500 -1000-fold slower than the maximum rate of ATP-induced population of the weak actin binding state of myosin Va (kЈ ϩ2T ϭ 941 s Ϫ1 in the absence of calcium and 874 s Ϫ1 in the presence of calcium) (Fig. 3B , Table 1 , and Scheme 2) and ϳ10-fold slower than the rate of ADP release (12-15 s
Ϫ1
) from actomyosin V-S1 (20, 27) . We interpret this slow phase to represent (two-headed) myosin Va dissociation from actin filaments (28), which was confirmed by light scattering (data not shown).
Calcium does not significantly affect the kinetics of ATP binding to actomyosin Va. In the absence of free calcium, the second order ATP association rate constant (KЈ 1T kЈ ϩ2T ) is 1.4 M Ϫ1 s Ϫ1 (Table 1 and Scheme 2). In the presence of free calcium, it is 1.7 M Ϫ1 s Ϫ1 (Table 1 and Scheme 2). The ATP binding rate constants reported here in the presence of calcium are in agreement with values obtained for single-headed myosin Va in transient kinetic solution studies (19, 27) and double-headed myosin V in single molecule measurements (12, 29) , indicating that the intramolecular strain generated from the second head binding to actin does not affect ATP binding, presumably to the trailing head.
MgADP Binding to Actomyosin Va-ADP binding to pyrene actomyosin Va was measured by kinetic competition with ATP (15, 19) . Time courses of pyrene fluorescence enhancement after mixing pyrene actomyosin Va with a solution of ADP and ATP are biphasic and can be well fitted to double exponentials (Fig. 5A) . The [ADP] dependence of the fast phase can be used to extract the ADP association rate constant and binding mechanism (Equation 2) (15). The hyperbolic [ADP] dependence of the fast phase observed rate constant (Fig. 5B) indicates that ADP binding to actomyosin Va in the absence and presence of free calcium is (at least) a two-step process (Scheme 1), similar to recombinant single-headed myosin V-S1 (19) .
Calcium accelerates ADP binding to actomyosin Va almost 10-fold compared with calcium-free conditions. In the absence of calcium, the second order rate constant for ADP binding to actomyosin Va (KЈ 1DT kЈ ϩ2D ) is 5.2 M Ϫ1 s Ϫ1 . In the presence of free calcium, the rate constant for ADP binding to actomyosin Va (KЈ 1D kЈ ϩ2D ) is 43 M Ϫ1 s Ϫ1 (Table 1 and Scheme 2). The more rapid association rate constant arises from a tighter equilibrium constant for collision complex formation (KЈ 1D ) and a ϳ2-fold faster isomerization rate constant (kЈ ϩ2D ).
In previous studies with single-headed myosin V (19) and myosin VI (15) , observed slow phases in the presence of ADP were used to extract the ADP dissociation rate constant (kЈ Ϫ2D ) and the relative ADP and ATP binding affinities. However, we did not attempt to analyze the slow phases observed in this study because of the pronounced slow phase present with ATP alone (Fig. 1) , which was absent from single-headed myosin V and interpreted to reflect double-headed dissociation from actin (discussed above).
18 O Exchange Experiments with Myosin Va-Oxygen isotopic exchange can provide an estimate of the partitioning of the E⅐ADP⅐P i complex between release of P i and reversal of hydrolysis to reform E⅐ATP (where E represents myosin or actomyosin) and has been a useful probe of the mechanism of skeletal muscle myosin II (30 -33) . Reversible hydrolysis of E⅐ATP to E⅐ADP⅐P i before release of P i can incorporate multiple oxygen atoms from water into P i . The partition coefficient (Pc) reflects the fraction of E⅐ADP⅐P i that reverts to E⅐ATP rather than releasing P i to generate E⅐ADP and is related to the overall P i release and ATP resynthesis rate constants (see Scheme 2) according to the following, Pc ϭ k ϪH, overall /(k ϪH, overall ϩ k P i , overall ). Pc values for a random process can be calculated from the extent of incorporation of water-derived oxygens (21) .
Analysis of the extent of isotopic exchange when unenriched ATP is hydrolyzed by single-headed myosin V-S1 in [ 18 O]water indicates that Pc is 0.17 (see supplemental material for detailed analysis) at a near saturating actin concentration of 18 M. This corresponds to a rate of P i release rate constant (k P i , overall ) that is ϳ5 times faster than the rate of ATP resynthesis (k ϪH, overall ), consistent with rapid P i release (ϳ100 -300 s
) upon the initial encounter with actin filaments (25, 27, 29, 34, 35) and the estimated rate constant of ATP resynthesis when detached from actin (34) . Similar low Pc values of 0.16 and 0.23 were observed with double-headed tissue-purified myosin Va at 12 M actin in the presence and absence of calcium, respectively, indicating that actin-activated P i release from myosin Va is 3-5 times faster than ATP resynthesis and is not significantly affected by calcium.
Actin-activated Product Release of Myosin Va-To determine if calcium affects actin-activated product release from myosin Va, we performed a sequential mixing experiment where myosin Va with or without calcium was first mixed with excess mantATP, allowed to age for 2 s, and then mixed with actin filaments and unlabeled ATP. The best fits of the time courses (Fig. 6A) to single exponentials were reasonable, given the signal to noise ratio. However, the data are best described by two phases, as indicated by the residuals and 2 values of the fits, as reported for myosin V-S1 and tailless myosin V-HMM (25) .
The fast phase is thought to represent actin-activated P i release (25) . The fast phase had an observed rate constant of ϳ40 -80 s Ϫ1 at 19 M actin (Fig. 6) , comparable with values reported for single-headed (25, 27, 29) and double-headed (25) myosin V at the same [actin] , and is consistent with the low levels of 18 O exchange at high [actin] . The observed rate constants of the slow phases were comparable under both conditions (ϳ11 s) and are likely to represent mantADP release (14, 20, 27) , which is limited by a conformational change that precedes and limits rapid ADP dissociation (Scheme 1) (19) .
We also measured mantADP release from an equilibrated myosin Va⅐mantADP mixture. In the presence of calcium (i.e. extended conformation), myosin Va behaves very similarly to unregulated myosin V-S1 in that actin binding accelerates mantADP release. More specifically, mantADP release is biphasic in the absence of actin ( Fig. 6B ; fast phase occurring at 5.8 Ϯ 0.3 s Ϫ1 , comprising ϳ50% of total amplitude, and slow phase at ϳ0.5-1 s Ϫ1 ), interpreted to represent two myosin V⅐mantADP states (one that releases mantADP slowly and one that releases quickly), and actin shifts the equilibrium to favor formation of the rapidly exchanging species (14) (fast phase at 8.8 Ϯ 0.1 s Ϫ1 , comprising ϳ85% of total amplitude, and slow phase at ϳ0.5-1 s
). In contrast, overall mantADP release in the absence of calcium (i.e. folded conformation) is slow and weakly accelerated by actin (Fig. 6C) . MantADP release from myosin Va is biphasic in the absence of actin and calcium ( Fig. 6C ; fast phase at 1.4 Ϯ 0.1 s Ϫ1 , comprising ϳ50% of total amplitude, and slow phase at ϳ0.5 s
). Actin binding shifts the equilibrium to favor the rapidly dissociating species (fast phase of 1.7 Ϯ 0.1 s
, comprising ϳ90% of total amplitude), as in the presence of calcium. The slower overall mantADP release rate constant arises because fast dissociation is slower from the folded conformation than the extended conformation, consistent with the head-tail interaction stabilizing a long lived myosin V⅐ADP state that exchanges bound nucleotide slowly, even in the presence of actin. 
DISCUSSION
The Tail Domain of Myosin Va Weakens Actin Binding Affinity of One Head in a Nucleotide-dependent Manner-In the absence of calcium, conditions that favor the folded conformation of myosin Va (7-11), bound ADP weakens the affinity of one head for actin filaments at equilibrium (Fig. 1) and upon initial encounter (Fig. 2) . Both heads bind strongly (Fig. 1) and rapidly (Fig. 2) under rigor conditions. The effect of ADP in weakening myosin Va actin affinity is not observed with tailless myosin V-HMM, indicating that this behavior arises from tailspecific allosteric interactions, presumably with one of the two motor domains, since the tail does not interact with actin (36) . The fact that the inhibition is observed more prominently when ADP is bound strongly suggests that nucleotide-linked conformational changes of the motor domain (14, 19, 37) favor the motor domain-tail interactions that regulate actin binding.
Inclusion of calcium favors the unfolded conformation of myosin Va (7-9) and promotes strong actin binding of both heads, even in the presence of excess ADP. We interpret this to mean that calcium binding to myosin Va, presumably to the associated calmodulin light chains (but sites on myosin are also possible), weakens the motor domain-tail interaction and allows both heads to readily bind actin strongly at equilibrium (Fig. 1 ) and upon the initial encounter (Fig. 2) , similar to tailless myosin V-HMM. It is anticipated that cargo binding to the tail domain would have similar effects.
The effect of calcium on myosin Va shares striking similarities with calcium regulation of scallop myosin II. As with myosin Va, calcium activates scallop myosin II-HMM ATPase activity and favors the transition from a folded "off" conformation to an extended "on" state (47) . In addition, as we report for myosin Va in this study, bound ADP favors formation of the "off" state of scallop HMM, characterized by lower actin-activated ATPase and weak actin binding activities (24, 26) . We favor a mechanism in which calcium and ADP affect the reversible folded ("off")-extended ("on") equilibrium of myosin Va in an allosteric manner, similar to scallop HMM (24) ; calcium promotes the extended conformation, and bound ADP stabilizes the compact, folded conformation. We hypothesize that cargo binding to myosin Va in cells will weaken the head domain-tail interaction, similar to calcium.
Two studies of myosin Va that were published while this manuscript was under review (10, 11) are consistent with the observations and interpretations reported here. Liu et al. (11) observe single-headed binding of myosin Va in the presence of ADP and P i at low myosin/actin ratios, consistent with the tail domain preventing strong two-headed binding to actin, as observed here in the presence of ADP (Figs. 1 and 2 ). Thirumurugan et al. (10) demonstrate that a small fraction of the myosin Va population binds actin in the presence of ATP and in the absence of calcium. This observation can be accounted for if myosin Va bound actin with only one head, as reported here, since the duty ratio of single-headed attachments in the presence of ATP will be small at low actin concentrations (20) .
It is surprising that myosin Va and tailless myosin V-HMM can fully saturate actin and display no manifestation of the parking problem, particularly since the long regulatory domains would allow a myosin V dimer to bind actin with a large, variable number of sites between the two heads. Such an observation raises the possibility that myosin V binding induces changes in conformation and/or dynamics (38) that promote binding to actin, perhaps to lateral or longitudinal adjacent subunits. Bound ADP Strengthens the Head-Tail Domain Interaction-The amplitude of mantATP fluorescence change upon binding myosin Va, but not tailless myosin V-HMM (Fig. 3) , is smaller under conditions that favor the folded conformation (i.e. amplitudes are ϳ30% smaller in the absence of calcium). This suggests that the tail interacts with at least one motor domain and inhibits mantATP binding to nucleotide-free actomyosin and/or changes the local environment of the bound nucleotide (mantADP or mantADP⅐P i ), so that the total fluorescence change is smaller. One possibility is that one or both heads are trapped in a mantADP-like state, which has a lower fluorescence (25) . The observation that mantADP binding amplitudes are comparable with and without calcium (Fig. 3D) suggests that both heads can bind nucleotide and that the headtail interaction, although it occurs in the presence of ADP, does not quench the fluorescence of myosin⅐mantADP.
The kinetics of actin binding are consistent with the head-tail interaction being nucleotide-linked. In the absence of bound nucleotide, both heads of the folded conformation of myosin Va bind actin rapidly. With bound ADP, only one head of folded myosin Va binds and quenches pyrene actin fluorescence upon encounter and at equilibrium (Figs. 1 and 2), consistent with bound ADP favoring interaction of the tail with the motor domain(s).
The kinetics of actin-activated product release are also consistent with a nucleotide-dependent head-tail interaction and suggest that the strength of this interaction (i.e. the foldedunfolded equilibrium constant) depends on the chemical state of the bound nucleotide and conformational state of the motor. Sequential mixing experiments in which mantATP is mixed with myosin Va followed by mixing with actin allow for rapid release of hydrolysis products (P i at Ͼ50 s Ϫ1 and mantADP at ϳ11 s
Ϫ1
) independent of calcium. MantADP release from an equilibrated myosin Va⅐mantADP mixture is accelerated by actin in the presence of calcium (i.e. extended conformation), similar to single-headed myosin V. However, mantADP release is slow and weakly accelerated by actin (Fig. 6B ) in the absence of calcium (i.e. folded conformation), indicating that head-tail interactions stabilize a long lived myosin⅐ADP state that is distinct from nucleotide-free myosin Va and myosin Va⅐ADP⅐P i . Therefore, the long lived ADP state is populated with the addition of ADP to nucleotide-free myosin but not through hydrolysis of ATP and may represent the ␣-state described by Hannemann et al. (14) . The maximum actin-activated steady-state ATPase rate in the absence of calcium is 1-2 s Ϫ1 (5) (data not shown) and may be limited by actin-activated ADP release from the long lived actomyosin Va⅐ADP state. This implies that during steady-state cycling and processive walking, myosin Va dissociates from actin with at least one head in an ADP-bound state, and this state is stabilized through interactions with the tail domain.
Calcium Accelerates ADP but Not ATP Binding to Actomyosin Va Independent of the Tail Domain-ATP and ADP bind actomyosin Va following a two-step reaction mechanism as with single-headed myosin V (19 Table 1 , and Scheme 2). Therefore, regulation of ADP binding by calcium presumably arises from binding to the associated calmodulin light chains and subsequent calcium-dependent changes in conformation and binding modes (6 -9, 39), although contributions from cation binding to sites on myosin and/or actin filaments cannot be eliminated as a possible source. The observation that ADP binding is more rapid to tailless myosin V than myosin Va under all conditions examined suggests that the tail domain interacts with and modulates the biochemical properties of the motor even in the presence of calcium, as would be expected for a reversible calcium-dependent equilibrium.
Intramolecular Allostery and Strain Regulate ADP but Not ATP Binding to Actomyosin Va-With both heads strongly bound to actin, ADP binding, but not ATP binding, to recombinant tailless myosin V-HMM is accelerated relative to recombinant single-headed myosin V-S1 (19) . ADP binding to HMM is favored largely by a ϳ5-fold tighter collision complex affinity compared with S1 (KЈ 1D ϭ 14 M for HMM and 74 M for S1); the isomerization rate constant (kЈ ϩ2D ϩ kЈ Ϫ2D ϭ 589 s Ϫ1 for HMM and 973 s Ϫ1 for S1) is slightly reduced (Table 1 and Scheme 2).
Identical behavior was observed with recombinant, doubleheaded myosin VI (15) , although ATP binding to actomyosin VI was also favored when both heads were strongly bound to actin, but to a lesser extent than ADP. It was proposed (15) that intramolecular stress generated when both heads bind strongly to actin strains the molecule and mediates opening of the myosin VI-HMM nucleotide binding cleft, which allows for more efficient nucleotide binding. A similar intramolecular strainsensitive mechanism presumably accounts for the more rapid kinetics and tighter affinity of ADP binding to myosin V-HMM, although it will not be mediated through the class VI-specific insert, as proposed for myosin VI (15, 40, 41) . The fact that intramolecular strain promotes ATP binding to actomyosin VI but not actomyosin V suggests that the myosin VI-specific insert is largely responsible for slow ATP binding (15, 40) . The observed stress-dependent modulation of ADP binding kinetics and affinity is consistent with an ADP-linked conformational rearrangement of actomyosin V (14, 19, 42) .
Implications for Processive Motility and Cargo Transport-In the presence of millimolar ATP and absence of calcium, myosin Va walks processively along an actin filament (3, 12, 13, 28, 29) . The addition of ATP to myosin Va (and recombinant tailless myosin V-HMM) with both heads strongly bound to actin (at a density of 0.1-0.2 heads/actin subunit) increases the pyrene fluorescence, indicating population of the weak actin binding states, consistent with models in which myosin V does not dwell with both heads strongly bound to actin during a processive run at physiological [ATP] (43, 46) . If myosin Va dwelled predominantly with both heads strongly bound to actin during a processive run, no net change in pyrene fluorescence would be observed upon the addition of ATP. The 18 O exchange anal-ysis and mant-product release time courses (Fig. 6 ) are consistent with P i release being very rapid upon actin encounter and during steady-state cycling, suggesting that the weakly bound or detached head, presumably the leading head during a processive run, has bound ADP (25, 29, 44, 45) but cannot bind actin strongly because it is restrained by the strongly bound trailing head (29, (43) (44) (45) (46) . Time courses of fluorescence enhancement after mixing ATP with pyrene actomyosin Va are biphasic (Fig. 4A) . We interpret the slow phase observed to reflect the population of myosin Va molecules that release both heads from actin and terminate a processive run, which modeling of processive run lengths (28) suggests occurs with a similar rate constant of 1-2 s Ϫ1 . The observation that the fast phase amplitude is larger than that of the slow phase implies that some doubleheaded detachment occurs with rapid ATP binding and that a fraction of the myosin V molecules initially bound strongly to actin with both heads are not processive.
We expect that cargo binding would disrupt the interaction between the tail domain and the motor domain, similar to the effect of calcium, and would enable both heads to bind actin and allow for efficient processive stepping. Release of cargo would permit the head-tail interaction to occur and cause myosin Va⅐ADP to bind actin strongly with only one head. In the presence of ATP, this head will dissociate from actin and rapidly rebind actin at a different location. Collectively, our results favor a mechanism in which myosin V detaches from actin after it releases bound cargo and rebinds actin at a different region of the cell once new cargo binds.
In addition to favoring formation of the extended conformation, calcium accelerates ADP binding to actomyosin Va independent of the tail domain (Fig. 5 ). This aspect of calcium regulation cannot be mimicked by cargo binding and may arise from changes in the mechanical properties of the regulatory neck domain and associated light chains. In the presence of calcium, the rate constant for ADP binding to tailless myosin Va is Ͼ100 times more rapid than that of ATP (Table 1 and Scheme 2). Therefore, ADP will bind over ATP with high probability even at very low [ADP]/[ATP] ratios, and would cause myosin Va to stall or terminate (28) a processive run. In either case, calcium is expected to decrease the effective processivity and run length of myosin Va.
